In this paper, we report the effect of nitrogen on the deposition and properties of boron doped diamond films synthesized by hot filament chemical vapor deposition. The diamond films consisting of micro-grains (nano-grains) were realized with low (high) boron source flow rate during the growth processes. The transition of micro-grains to nano-grains is speculated to be strongly (weekly) related with the boron (nitrogen) flow rate. The grain size and Raman spectral feature vary insignificantly as a function of the nitrogen introduction at a certain boron flow rate. The variation of electron field emission characteristics dependent on nitrogen is different between microcrystalline and nanocrystalline boron doped diamond samples, which are related to the combined phase composition, boron doping level and texture structure. There is an optimum nitrogen proportion to improve the field emission properties of the boron-doped films. [5] [6] [7] affected by doping have been extensively investigated. However, in previous work, the understanding on how the dopants (mainly refer to N and B) modify the growth and properties of diamond films was mostly emphasized on the sole doping by boron or nitrogen. Recently, there are a few reports on the diamond deposition with co-dopants [8, 9] . Hartmann et al. [8] reported that in highly boron-doped micro-diamond, large (small) additions of nitrogen would stabilize the diamond structure (induce more graphite formation). The electronic structure of boron-doped nano-diamond films can be markedly modified by nitrogen and there was an optimized gas proportion to achieve improved field emission [9] . However, the corresponding underlying mechanism is still not very clear. Furthermore, growth features related to the co-doping of boron and nitrogen are desirable to be investigated in detail.
Chemical vapor deposited (CVD) diamond films have attracted intensive interests owing to its outstanding properties, such as wide band gap, super-hardness, high thermal conductivity, high carrier mobility and high chemical inertness. However, it is somehow limited for electronic application of diamond due to its insulating property, unless the dopants are incorporated into diamond [1] . Various elements (e.g. nitrogen N, boron B, sulfur S, and phosphorus P) have been introduced into diamond to adjust their electronic properties. The nucleation process [2] , growth mechanism [3] , impurity distribution [4] and properties [5] [6] [7] affected by doping have been extensively investigated. However, in previous work, the understanding on how the dopants (mainly refer to N and B) modify the growth and properties of diamond films was mostly emphasized on the sole doping by boron or nitrogen. Recently, there are a few reports on the diamond deposition with co-dopants [8, 9] . Hartmann et al. [8] reported that in highly boron-doped micro-diamond, large (small) additions of nitrogen would stabilize the diamond structure (induce more graphite formation). The electronic structure of boron-doped nano-diamond films can be markedly modified by nitrogen and there was an optimized gas proportion to achieve improved field emission [9] . However, the corresponding underlying mechanism is still not very clear. Furthermore, growth features related to the co-doping of boron and nitrogen are desirable to be investigated in detail.
In this letter, by hot filament CVD (HFCVD), the microcrystalline diamond (MCD) and nanocrystalline diamond (NCD) films with co-introducing boron and nitrogen were synthesized by adjusting the gas proportion of nitrogen and boron in the reaction ambient. In the XRD spectra (see Fig. 2 ) for all the samples, two peaks are generally observed at 43.9 and 75.2, which are assigned to the characteristic diamond diffraction patterns of (111) and (220) respectively. Note that the (400) diffraction peak is negligible at high 2θ angle (not shown), implying that the (100) orientation growth is not evident. In addition, the Si (222) Obviously, the grain size varies insignificantly with the additions of nitrogen for NCD films, which is consist with the observations in the SEM images. Figure 3 shows Raman spectra obtained from the as-grown samples. It is found that for the MCD samples (see Fig. 3A ), the zone-centre phonon band of diamond became asymmetry and downshift to about 1300 cm -1 due to the Fano interference [12] .
In addition, two broad bands around 500 and 1200 cm -1 appear in the low frequency part, which are in agreement with the two maxima of phonon density of states of diamond [13, 14] . The peak at around 500 cm -1 shows a blue-shift with the increase of the introducing nitrogen, implying that the boron content is reduced [5] .
However, the Raman spectra of the NCD films ( The strong peaks at 1350 cm −1 and 1540 cm -1 correspond to the D (disordered carbon) band and G (graphitic carbon) band, respectively. The shoulder peak at 1140 cm -1 is usually referred to the signature of nanodiamond [15] and/or is accompanied by another peak at 1480 cm -1 related to the presence of transpolyacetylene (TPA) states in the grain boundaries of NCD films [16] . When the nitrogen concentration increased, the peak around 500 cm -1 decreased continually (inset of Fig. 3B ) and the 1140 cm As previous reported that high concentration of nitrogen and methane was desirable to grow NCD film [19] , however, in our experiments the nitrogen and methane were kept constant The EFE characteristics illustrated as the current density-electric field (J-E) and Fowler-Nordheim (F-N) curves are plotted in Fig. 5 for all the samples. The important parameters for EFE, i.e., turn-on field (E 0 , defined as the applied field corresponding to the current density of 0.5 µA/cm 2 ) and FE current density (J e ), are summarily listed in Table 1 . For both MCD and NCD samples, the EFE properties are enhanced (with low E 0 and high J e ) at an optimum nitrogen flow rate (i.e., samples (b) and (f)). The F-N plot shows two straight lines in the region of the low and high voltage regions for all the curves, suggesting that electron emission in those samples are due to
Fowler-Nordheim tunneling through the surface potential barrier, which is varied at different applied field regions [21] . Note that at nearly the same turn-on field, the current densities in our experiments are smaller than the previous data in the order of mA/cm 2 [9] . The origination is not clear in the current work, and further study is being carried out.
It is known that in N-and/or B-doped polycrystalline diamond films, a number of sp 2 -bonded carbon generally appear and trend to accumulate on the grain surface and boundaries [22] .
The sp 2 -bonded phase overcoated between grains can lower down the energy barrier and even additively plays a conductive channel for EFE [23] . Note that too much non-diamond phase would relatively degrade the EFE properties due to the larger work function as compared to diamond [24] . In our experiments, for MCD films, small amount of incorporated nitrogen would property by reducing the energy barrier (see Fig. 5(A) ) [25] .
However, the excessive nitrogen reduces the conductivity by preventing the incorporation of boron, leading to the degradation of EFE properties. For the case of NCD films with superabundant non-diamond phase, the increasing incorporation of nitrogen can enhanced diamond component and depress the formation of non-diamond phase (as shown in Raman spectra), which would consequently enhance the EFE property (see Fig.   5(B) ).
Furthermore, it should be pointing out that the EFE 
